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ABSTRACT: Living hybrid materials that respond dynami-
cally to their surrounding environment have important
applications in bioreactors. Silica based sol–gels represent
appealing matrix materials as they form a mesoporous
biocompatible glass lattice that allows for nutrient diffusion
while firmly encapsulating living cells. Despite progress in
sol–gel cellular encapsulation technologies, current techni-
ques typically form bulk materials and are unable to generate
regular silica membranes over complex geometries for large-
scale applications. We have developed a novel biomimetic
encapsulation technique whereby endogenous extracellular
matrix molecules facilitate formation of a cell surface specific
biomineral layer. In this study, monoculture Pseudomonas
aeruginosa and Nitrosomonas europaea biofilms are exposed
to silica precursors under different acid conditions. Scan-
ning electron microscopy (SEM) imaging and electron dis-
persive X-ray (EDX) elemental analysis revealed the presence
of a thin silica layer covering the biofilm surface. Cell
survival was confirmed 30min, 30 days, and 90 days after
encapsulation using confocal imaging with a membrane
integrity assay and physiological flux measurements of
oxygen, glucose, and NHþ4 . No statistical difference in
viability, oxygen flux, or substrate flux was observed after
encapsulation in silica glass. Shear induced biofilm detach-
ment was assessed using a particle counter. Encapsulation
significantly reduced detachment rate of the biofilms for
over 30 days. The results of this study indicate that the thin
regular silica membrane permits the diffusion of nutrients
and cellular products, supporting continued cellular viabi-
lity after biomineralization. This technique offers a means of
controllably encapsulating biofilms over large surfaces and
complex geometries. The generic deposition mechanism
employed to form the silica matrix can be translated to a
wide range of biological material and represents a platform
encapsulation technology.
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Introduction
We introduce a novel cell-mediated encapsulation techni-
que capable of forming a thin, flexible silica membrane on
living cells over large areas and complex geometries. Unlike
bulk sol–gel encapsulation methods that entrap cells in a
thick silica matrix (Fennouh et al., 2000; Nassif et al., 2002),
this cell-templating technique employs endogenous extra-
cellular matrix and cell surface molecules as sites for the
preferential nucleation of a silica matrix in an aqueous
environment, resulting in a porous membrane that
encapsulates the biofilm while still allowing for diffusion.
The sol–gel process is a method of producing porous
metal oxide solids from solution phase precursors. Sol–gel
produced silica glasses have excellent material properties
for the encapsulation of biomolecules including pharma-
ceutical agents (Koehler et al., 2008; Kortesuo et al., 2000),
enzymes (Bhatia et al., 2000; Luckarift et al., 2004), and
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other proteins (Ellerby et al., 1992; Jedlicka et al., 2007). The
interconnected mesoporous amorphous glass network that
forms due to the polycondensation of silicic acid molecules
stabilizes sensitive biomolecules (Eggers and Valentine,
2001), provides a large area for surface/solution interactions
(Yang and Zhu, 2005), and allows for the controlled release
of entrapped agents (Roveri et al., 2005). Sol–gels are
typically synthesized using wet chemistry under ambient
atmosphere at standard temperatures and pressures. These
conditions allow for the encapsulation of biological agents
without denaturation or destruction (Avnir et al., 2006).
During the past two decades, researchers have expanded the
scope of sol–gel technology to encapsulate living cells by
bulk casting methods for a variety of applications (Avnir
et al., 2006; Prakash and Bhathena, 2008) including cell-
based biosensors (Bottcher et al., 2004; Livage and Coradin,
2006), catalysts (Carturan et al., 1989; Inama et al., 1993),
and drug delivery devices (Avnir et al., 2006; Bottcher et al.,
2004; Coradin et al., 2006).
Bulk casting techniques have several limitations for cell
encapsulation. The resulting encapsulation matrix has no
specificity for the cells of interest and the material geometry
is governed by the surrounding vessel rather than the cells
(Ferrer et al., 2003; Nassif et al., 2003). For example, casting
is not feasible for biofilms grown in bioreactors due to the
lack of controlled deposition. In addition, the diffusion
characteristics of bulk matrices are dependent on the
thickness and can vary widely from cell to cell (McCain
and Harris, 2003; Satoh et al., 1995; Taylor et al., 2004).
Some bulk colloidal silica-based sol–gel systems can
overcome diffusion limitations due to their large pore size
(range 30–600 nm) (Klein, 1988; Perullini et al., 2005, 2007).
Alkoxysilane derived sol–gels typically produce glasses with
small pore sizes (range 10–50 nm; Perullini et al., 2007)
reducing the rate of diffusion. While it is potentially possible
to entrap large volumes of cells using these methods,
diffusion constraints on nutrient, gas, and product exchange
and the brittle nature of bulk glasses tend to preclude their
use in large-scale immobilization applications.
In contrast to bulk methods, the BioSil method, develop-
ed by Carturan et al. (1997) condenses silica precursors from
a high temperature vapor phase onto the surface of a protein
or cell surface to form a silica film (Carturan et al., 1997).
This method improves specificity and diffusion properties,
but is limited to small sample volumes. More importantly
only precursors that can be vaporized at reasonable
temperatures and pressures can be used with cells, and
typically even easily vaporized precursors require a relatively
high vapor stream temperature (808C) (Carturan et al.,
1997, 2004). BioSil also requires that the cells be exposed to
air and the humidity and exposure time must be controlled
to prevent cell death.
The goal of the current study was to develop a cellular
encapsulation technology that is versatile and easy to
translate from the lab into a working environment. To that
end we have developed a thin, flexible, cell surface-specific,
silica encapsulant synthesized using simple solution-based
chemistry. The technique is inspired by the natural processes
observed in the growth of stromatolytic bacterial forma-
tions. In silica rich hotsprings, bacteria serve as sites for silica
nucleation (Konhauser and Ferris, 1996; Konhauser et al.,
2001; Mountain et al., 2003) with extracellular proteins and
carbohydrates mediating the silicification of the cells
(Konhauser and Ferris, 1996; Konhauser et al., 2001). The
resultant amorphous silica layer allows for bacterial survival
at depths of over 3mm (Konhauser and Ferris, 1996;
Konhauser et al., 2001). It has been proposed that hydroxyl
(–OH) groups found on proteins and mucopolysaccharides
engage in ionic and hydrogen bonding interactions with the
–SiOH groups present in silicic acid containing solutions,
generating preferential sites for mineral deposition (Hecky
et al., 1973; Kroger et al., 1999; Lobel et al., 1996). Alternatively,
the hydroxyl groups may complex with phosphates to form
preferential nucleation sites (Kroger et al., 2002). Proteins
with hydroxyl groups in conjunction with protonated
amines have been found to have catalytic functionality on
the hydrolysis and polycondensation of alkoxysilane pre-
cursors (Roth et al., 2005). Positively charged amine (–
NHþ3 ) groups, such as those found on lysine residues, have
also been found to participate in silica precipitation and
aggregation (Coradin et al., 2002). These same hydroxyl and
amine bearing groups are found distributed in the proteins
and polysaccharides of all organisms. While such organisms
have not evolved to form ordered structures, these
endogenous proteins can serve as a site for silica deposition.
The cell-mediated solution phase encapsulation techni-
que described in this manuscript was developed as a simple
scalable means of immobilizing cells within a custom fit
film formed at physiological temperatures for a variety of
industrial and environmental applications. Biofilms formed
by the bacteria Pseudomonas aeruginosa and Nitrosomonas
europaeawere selected as model systems for this study due to
their widespread distribution in the environment, and use
in wastewater treatment/bioremediation. Both organisms
are present in soil, sewage, and freshwater systems and are
commonly used as model gram-negative bacteria in
conventional bioreactors. The two bacteria were grown in
monoculture biofilms on hollow fiber membrane aerated
bioreactors prior to encapsulation (McLamore et al., 2007,
2010b). Electron microscopy and elemental analysis were
used to validate silica layer formation on mature biofilms
after exposure to mineralizing solutions. Measurements of
substrate (glucose or NHþ4 ) flux were used to characterize
the viability and physiology of the biofilms after silica
formation under different synthesis conditions. Biofilm
detachment rate was monitored for 90 days after encapsula-
tion to assess the functionality of the stabilizing silica layer.
Materials and Methods
Bacterial Cell Culture
P. aeruginosa is a chemoheterotrophic gram-negative
opportunistic pathogen of animals, plants, and humans,
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and is used extensively as a model organism in wastewater
treatment, bioremediation, and biomedical applications
(Ganguli and Tripathi, 2002; Sauer et al., 2002;
Vijayaraghavan and Yun, 2008; Xu et al., 1998).
P. aeruginosa PA01 (ATCC 97) was obtained from
American Type Culture Collection (Manassas, VA), and
biofilms were grown at 378C in modified glucose media
(10mM glucose, 50mM HEPES, 3mM NH4Cl, 43mM
NaCl, 3.7mM KH2PO4, 1mM MgSO4, and 3.5mM FeSO4).
N. europaea is a chemoautotrophic gram-negative
bacteria that is often the rate-limiting step in nitrogen
cycling within the environment (Brandt et al., 2001; Coci
et al., 2005). N. europaea are sensitive to changes in nutrient
conditions, light, temperature, and chemical toxins, and
thus are widely studied in soil, sewage, and freshwater
systems. N. europaea (ATCC 19718) was obtained from
ATCC, and biofilms were grown in ATCC medium 2265
(25.0mM (NH4)2SO4, 43.0mM KH2PO4, 1.5mM MgSO4,
0.25mM CaCl2, 10mM FeSO4, 0.83mM CuSO4, 3.9mM
NaH2PO4, and 3.74mM Na2CO3).
All cells were cultured on semi-permeable silicon
membranes in a hollow fiber membrane aerated bioreactor
and grown under aerobic conditions according to
McLamore et al. (2007, 2010b). Intact, mature biofilms
were extracted from the bioreactors via ¼00 ferrules, and
transferred to constructed flow cells prior to biosilification
according to McLamore et al. (2009, 2010b). After
encapsulation, biofilms were returned to the bioreactors
for use in long-term (90 days) detachment studies and
incubated under standard growth conditions.
Enriched Silica Solution Preparation
Tetramethyl orthosilicate (TMOS, Sigma-Aldrich, St. Louis
MO) was hydrolyzed in a 1:16mol ratio (TMOS/H2O)
deionized water solution using 1mL of 0.04 molar acid
initiator (hydrochloric, nitric, or trifluoroacetic acid—
TFA) per 1 g of solution. The mixture was stirred vigorously
for 10min until clear. The methanol produced by the
hydrolysis reaction was removed from the solution by rotary
evaporation under vacuum at 458C (30% reduction in
solution volume). The resulting saturated silica solution was
refrigerated prior to use or used immediately. During sol
processing the pH of the solution was monitored prior to
hydrolysis, after hydrolysis, after rotary evaporation, and
after addition to cellular media. Please see Supplemental
Figure S1 for sol pH data.
Physiological Sensing of Oxygen, Glucose, and NHR4
To measure real-time flux of metabolic analytes, a sensing
technique known as self-referencing (SR) was used
(Porterfield, 2007). SR converts concentration sensors into
dynamic biophysical flux sensors for quantifying real-time
transport in the cellular to whole tissue domain, and has
been used in many fields, including: agricultural (Gilliham
et al., 2006; Porterfield et al., 1999), biomedical (Land et al.,
1999; Zuberi et al., 2008), and environmental (McLamore
et al., 2009, 2010b; Sanchez et al., 2008) applications. SR
discretely corrects for signals produced by ambient drift and
noise by continuously recording differential concentration
(DC) while oscillating a microsensor between two locations
separated by a fixed excursion distance (DX), and calculating
analyte flux using Fick’s first law of diffusion (Kuhtreiber
and Jaffe, 1990).
SR sensors were used to non-invasively quantify biofilm
oxygen and substrate flux using established methods
(McLamore et al., 2009). Briefly, oxygen flux was measured
using a SR optical oxygen sensor, which was constructed by
immobilizing an oxygen-quenched fluorescent dye (plati-
num tetrakis pentafluoropheynl porphyrin) on the tip of a
tapered optical fiber. For P. aeruginosa biofilms, substrate
(glucose) flux was amperometrically measured using a
glucose biosensor that was fabricated by entrapping glucose
oxidase within a Nafion/carbon nanotube layer on the tip
of a platinized Pt/Ir wire (McLamore et al., 2010a). For
N. europaea, substrate (NHþ4 ) flux was measured using a
microelectrode fabricated by immersing a Ag/AgCl wire in a
tapered glass capillary containing electrolyte and a liquid
membrane selective for NHþ4 (McLamore et al., 2009).
For all experiments, substrate and/or O2 flux were
continuously measured at five positions along the surface of
each biofilm for 10min unless otherwise indicated (2mm
in the lateral direction between each position). For data
concerning physiological flux, all averages represent the
arithmetic mean of at least 10min of continuous recording
at five positions (n¼ 3 replicates), and error bars represent
the standard error of the arithmetic mean.
Biofilm Encapsulation
The three acid initiators were screened for biocompatibility
with biofilms by continuously measuring real-time respira-
tion using oxygen optrodes. Oxygen uptake was monitored
for 10min to determine baseline aerobic respiratory level.
The media was then carefully removed and filtered media
containing 20mL per mL enriched silica solution was added.
The samples were allowed to rest in the saturated silica for
20min in order to encapsulate the biofilm. Oxygen flux
measurements were monitored throughout the biosilicifica-
tion process. After 20min, the solution was again carefully
removed and replaced with fresh silica-free medium to halt
the biosilicification process. Oxygen flux measurements
were then continuously recorded along the biofilm surface
for 14 h to monitor biofilm viability. Additional encapsu-
lated biofilms were returned to the bioreactor and allowed to
incubate for 30 and 90 days before flux analysis. As a control
experiment, flux was measured in growth media, the
solution was replaced with fresh growth media containing
no silica, and physiological flux/viability measured. A
diagram illustrating the hollow fiber membrane, biofilm,
and silica encapsulant is depicted in Figure 1.
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SEM Imaging/Electron Dispersive X-Ray (EDX)
Elemental Analysis
P. aeruginosa and N. europaea biofilms were encapsulated
with silica as described previously. Thirty minutes after
biofilm encapsulation, membranes containing encapsulated
biofilms were immersed in a 4% glutaraldehyde/sterile
phosphate buffer solution for 1 h. The samples were then
soaked in deionized water for 15min, followed by serial
dehydration in ethanol solutions (25%, 50%, 75%, 90%, and
100%, respectively). Upon removal from the final ethanol
wash, the samples were placed in a partially enclosed
polystyrene dish and allowed to dry slowly under ambient
conditions for 8 h. Samples were then placed in a desiccating
chamber prior to scanning electron microscopy (SEM)
imaging using a FEI NOVA nanoSEM high resolution
FESEM. Encapsulated biofilm samples incubated for 30 and
90 days were prepared in an identical manner.
For EDX analysis, biofilms taken 30min, 30 days, and
90 days after encapsulation were fixed in 4% glutaraldehyde/
sterile phosphate buffer solution for 1 h, washed four times
in deionized water to remove residual media, and dried
under ambient conditions for 8 h. The samples were then
placed in a desiccating chamber prior to analysis using an
OXFORD INCA 250 electron dispersive X-ray detector
(EDX). Spectra were collected over a 120mm 120mm
area (n¼ 3). The spectral contribution of carbon was
removed prior to analysis due to potential interference from
the carbon tape fixative and the atomic percentage of
the remaining elements (reported as atomic % (at%)) was
determined.
Confocal Imaging
Confocal microscopy was used to quantify membrane
integrity after exposure to mineralizing solutions using
a BacLight Live/Dead viability kit (Invitrogen Molecular
Probes, Carlsbad, CA). The stain consisted of a nucleic acid
(STYO9) and (propidium iodide) stain, with green and red
stained cells representing cells with intact and damaged
membranes, respectively. A Zeiss LSM 710 (Thornwood,
NY) confocal microscope with multi-wavelength lasers (488
and 514 nm) was used for excitation. Zen software (Zeiss)
was used for image capture. Nine cross sections of 144mm
by 144mm were analyzed over a total biofilm depth of
128mm (2mm sections) using a 10 objective.
Cellular Detachment
To characterize biofilm detachment due to shear stress,
mature biofilm samples (5 cm in length) were transferred to
a constructed flow cell, and exposed to a constant fluid
velocity (flowrate) for 20min. Liquid effluent was collected
in autoclaved bottles containing 5mL of isoton solution,
and trypsinized using GIBCO EDTA/trypsin solution
(Invitrogen, Carlsbad, CA) for 5min. Preliminary analysis
indicated that trypsination did not cause significant cell lysis
within the first 10min for either species of bacteria. Total
number of detached particles (0.5–60mm range) was
quantified using a Beckman Multisizer 4 Coulter Counter
(Beckman Coulter, Fullerton, CA). For all plots of detach-
ment data, average values represent the total number of
particles smaller than 2mm in diameter using Multisizer
software. The particle size was calculated by summing the
total number of particles smaller than 2mm in diameter.
A representative plot of detached particles is included in
the Supplemental Figure S2.
Results
To minimize cellular stress during the encapsulation
process, biofilms were exposed to sols containing different
acid initiator species. The sol causing the minimal
perturbation of biofilm physiology was selected for materials
Figure 1. Diagram of encapsulated biofilm on hollow fiber membrane.
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characterization and long-term cellular viability, physiolo-
gical flux, and mechanical stability analysis. The results of
this set of experimentation describes how sol composition
effects biofilm response, the physical and chemical proper-
ties of the encapsulant, physiology of encapsulated biofilms
over time, and the stabilizing properties of the encapsulant
on cellular detachment.
Acid Initiator Screening
While all three acids produced an initial aqueous solution
with similar pH, their effect on the hydrolysis and
polycondensation of the silicic acid species appeared to
be a major factor influencing the pH of the media after sol
addition (see Supplemental Fig. S1). Measurements of the
nitric acid solution pH demonstrate an increase in acid
concentration after hydrolysis due to silicic acid formation.
After rotary evaporation, silicic acid is further concentrated,
reducing solution pH. Sol addition resulted in a decrease
in media pH, indicating free silicic acid was still present.
In the case of HCl and TFA catalyzed sols, a different set
of responses was observed. As before, the solution pH
decreased after hydrolysis, but not to the extent of nitric acid
catalyzed sol. This can be attributed to partial hydrolysis or
polycondensation occurring at an early stage, consuming
free silicic acid and forming nanocolonies of silica. Rotary
evaporation resulted in an increased pH in HCl catalyzed
sol, indication that some of the free silicic acid was
consumed in polycondensation. TFA sol did decrease in pH
after rotary evaporation, but not to level of nitric acid
initiated sol, indicating that partial hydrolysis or poly-
condensation might have occurred. Upon addition to
media, modest alterations of media pH for HCl and TFA
catalyzed sols were observed, indicating little non-con-
densed silicic acid was available.
Respiratory oxygen flux for P. aeruginosa andN. europaea
biofilms was not significantly different amongst non-
encapsulated samples for all experiments (P< 0.01,
a¼ 0.05) (Fig. 2). Additionally, no significant difference
in O2 flux was measured during control experiments (fresh
growth media with no silica). TFA significantly increased
respiration rate in P. aeruginosa biofilms (285 14%), but
had no significant effect on N. europaea respiration rate.
This difference could be due to activation of stress response
mechanisms expressed by P. aeruginosa (e.g., efflux pumps,
neutralizing enzymes/antioxidants), which are not present
in N. europaea (Gilbert et al., 2002; Russell, 2003).
Conversely, hydrochloric acid (HCl) caused a significant
increase in average respiratory rate for N. europaea, but had
no significant effect on P. aeruginosa. For all samples using
nitric acid as the initiator, no significant difference was
measured between basal respiratory rate, control samples,
and encapsulated biofilms. The bacteria respirome is
extremely complex, and contains many stress response
mechanisms associated with temperature stress, oxidative
damage, salt stress (Coci et al., 2005; Gilbert et al., 2002;
McLamore et al., 2010b; Sauer et al., 2002), and many other
changes in conditions. Although it is unclear as to the
specific mechanism(s) behind these increased respiratory
rates, no decrease in aerobic respiration was noted during
encapsulation with any of the acid initiators. Based on this
Figure 2. Acid initiator screening. Nitric acid does not induce a stress response.
Average oxygen influx for N. europaea and P. aeruginosa biofilms before and 5 h after
cell-mediated encapsulation using (A) trifluoroacetic acid, (B) hydrochloric acid, and
(C) nitric acid initiators. Statistically significant difference between oxygen con-
sumption for pre- and post-encapsulation analyzed using ANOVA (n¼ 3, a¼ 0.05).
Error bars represent 2 SE of the arithmetic mean at five locations along the biofilm.
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screening technique, nitric acid was selected as the initiator,
although initiation of silicification with TFA and/or HCl
should not be ruled out.
Verification of Encapsulation
SEM images of biofilms taken 30min after encapsulation
exhibit morphological differences relative to controls. Cells
encapsulated in silica retained a higher degree of structural
fidelity (Fig. 3B), resisting the collapsing and smoothing
effects of dehydration that occur during sample preparation
(Fig. 3A). Figure 3F shows a silica matrix bridging adjacent
cells (indicated by a white arrow). A thin silica layer coating
the exposed surface of the biofilm is apparent. This layer is
sufficiently ridged to prevent feature collapse on the
microscopic scale while allowing for flexibility of the bulk
biofilm. Given that the individual cells are clearly discern-
able in encapsulated samples, the biomineral layer thickness
can be inferred to be on the scale of these cellular surface
features (200 nm–1mm). After incubation for 30 days the
silica layer is no longer apparent and both bacterial films
display morphology consistent with unencapsulated cells
(Fig. 3C and G). This observation is attributed to the growth
of a secondary biofilm layer covering the encapsulated
surface. After 90 days of incubation, a thick secondary
biofilm had developed, which was prone to detachment
during SEM preparation. The 90-day sample shed the outer,
secondary biofilm layer re-exposing the silica to produce
samples that did not display a high degree of feature collapse
(Fig. 3D and H).
Representative EDX spectra of control and encapsulated
biofilms are presented in Figure 4. Samples displayed
detectable levels of carbon (C), oxygen (O), silica (Si),
phosphorus (P), sulfur (S), aluminum (Al), sodium (Na),
chlorine (Cl), and potassium (K). The elemental contribu-
tion from carbon was removed due to potential background
artifact and the atomic percentage of the remaining elements
was then calculated. Analysis of the biofilm surfaces
indicated that silica deposition took place after exposure
to mineralizing solutions, causing an increase in silica
concentration from trace levels (1.8 0.2% and 0.3
0.6%, P. aeruginosa and N. europaea, respectively) to
15.2 0.7% and 18.5 0.6% for P. aeruginosa and N.
europaea, respectively (Table I). Surface phosphorous, and
sulfur levels decreased after the encapsulation of both
biofilms. These elements are naturally present in both the
cellular and extracellular material comprising the biofilm
(Beveridge et al., 1983; Lunsdorf et al., 1997) and tend to be
retained even after the extensive washing employed to
remove residual media and phosphate buffer (Little et al.,
1991). After 30 days of incubation, the surface silica
concentration decreased to trace levels (2.0 0.5% and
1.0 0.1% for P. aeruginosa and N. europaea, respec-
tively), indicating the formation of a secondary biofilm layer
growing on top of the silica encapsulant. After 90 days silica
was still detectable in both biofilms. During SEM prepara-
tion P. aeruginosa biofilms were especially prone to surface
detachment (see Fig. 2H). The underlying layers of the film
displayed relatively high concentrations of silica, 5.4 0.9%,
indicating that the encapsulant was retained under a
secondary biofilm layer. At the 90-day time point both
Figure 3. SEM images of biofilm surface. Silica layer present after encapsulation. Representative electron microscopy images of N. europaea biofilm (A) without silica
deposition, (B) 30 min after encapsulation, (C) 30 days after encapsulation, and (D) 90 days after encapsulation. Images of P. aeruginosa (E) before encapsulation and (F) 30 min,
(G) 30 days, and (H) 90 days after encapsulation are also presented. The arrow highlights a region of silica matrix bridging cells. Scale bars represent 4mm.
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biofilms also registered detectable levels of aluminum
(Fig. 2E and H).
Physiology and Viability
Average oxygen and NHþ4 flux for N. europaea biofilms did
not significantly change following encapsulation using nitric
acid as an initiator (P< 0.01) (Fig. 5A). This result is
significant because N. europaea has relatively few physio-
logical defense mechanisms and are sensitive to subtle
changes in operating conditions (e.g., salt concentration,
substrate shock) (Brandt et al., 2001; Coci et al., 2005).
Likewise, metabolic respiratory rates for P. aeruginosa did
not significantly change after encapsulation using nitric acid
(P< 0.01) (Fig. 5B). No significant differences in metabolic
Figure 4. EDS spectra of biofilm surface. Silica present in surface layer after encapsulation. Representative EDS spectra of N. europaea (A) before encapsulation, (B) 30 min
after encapsulation, (C) 30 days after encapsulation, and (D) 90 days after encapsulation. Corresponding spectra of P. aeruginosa (E) before encapsulation and (F) 30 min,
(G) 30 days, and (H) 90 days after encapsulation are also presented. Silica was detectable in the spectra of both biofilms for 90 days after encapsulation.
Table I. Average elemental composition (at%) of P. aeruginosa and
N. europaea biofilms before biomineralization and 30min after as
determined by EDS spectral analysis (n¼ 3 biofilms).
Si P S O
P. aeruginosa
Control 1.8 0.2 4.9 0.4 2.2 0.3 88.3 0.8
Si coated 30min 15.2 0.7 2.0 0.4 0.8 0.2 76.7 1.0
Si coated 30 days 2.0 0.5 5.0 0.7 2.9 0.4 86.8 0.8
Si coated 90 days 5.4 0.9 3.1 0.8 3.2 0.8 84.8 1.5
N. europaea
Control 0.3 0.6 2.6 0.4 1.7 0.2 85.4 1.9
Si coated 30min 18.5 0.6 1.2 0.1 1.0 0.1 75.5 0.9
Si coated 30 days 1.0 0.1 3.6 0.2 2.4 0.4 82.4 1.7
Si coated 90 days 0.7 0.3 1.5 0.1 0.9 0.05 95.0 0.2
Values are reported as average at% SD.
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respiration were noted between silicated samples and
control samples for either species (P¼ 0.031). After
incubation for 30 and 90 days both samples maintained
consistent levels of flux for their respective substrates
(NHþ4 for N. europaea and glucose for P. aeruginosa).
Oxygen influx for P. aeruginosa increased after incubation
while N. europaea O2 flux was not significantly changed.
This increase in O2 flux correlates with an increase in
biomass growth rate, which is consistent with previous
experiments (McLamore et al., 2010b).
Viability was verified using a membrane integrity stain
for all biofilm samples, and no significant difference was
noted between control samples and silicated samples.
Representative images at 10 magnification are shown
in Figure 6, and orthogonal views indicate no significant
difference in profile and depth images.
Detachment
Detachment of cells from biofilms was quantified before
and after encapsulation under constant hydrodynamic
conditions (Fig. 7). For control samples, the average
detachment rate normalized to fluid velocity (via
Reynolds number) was 308 14 particles min1 for N.
europaea biofilms 281 20 particles min1 for P. aeruginosa
biofilms. This value was calculated by determining the slope
of the curve in Figure 7A, and represents the average
detachment rate within the fluid velocity operating range
during 20min of exposure to steady state fluid flow.
Following encapsulation, biofilm detachment due to fluid
shear stress was reduced by approximately 63 14% and
50 8% for P. aeruginosa and N. europaea biofilms,
respectively (Fig. 7B). For both species, the detachment
rate following 30 days of encapsulation was an average of
24 7% lower than control samples, but significantly higher
than newly encapsulated samples. This is due to the
detachment of cells/polymers from the secondary layer,
which formed on the surface of the silica layer (confirmed by
electron microscopy, Fig. 3C and G).
After formation of a mature secondary biofilm (after
approximately 90 days under these operating conditions),
detachment rate was not significantly different than non-
encapsulated cells (P¼ 0.019, a¼ 0.05), confirming the
formation of a secondary biofilm.
Discussion
Monocultures of both P. aeruginosa and N. europaea
biofilms were investigated to determine if the encapsulation
technology could be applied to organisms exhibiting
different species-specific stress response mechanisms, sub-
strate and electron acceptor requirements, and extracellular
matrix composition. P. aeruginosa is a chemoorganoheter-
otroph with a robust set of stress coping mechanisms
including efflux pumps, quorum sensing mechanisms, and
neutralizing enzymes/antioxidants (Gilbert et al., 2002;
Russell, 2003). In contrast, N. europaea is a chemolithoau-
totroph that lacks many of these stress response mechanisms
and is relatively sensitive to environmental stressors.
Biofilms of both species were able to survive silicification
and return to normal nutrient and oxygen consumption
levels. This finding suggests that the technique may be
generalized to a diverse range of biofilm forming bacteria.
The nanostructure of solution-based silica deposits
governs the diffusion characteristics of the encapsulant,
and can be influenced by several factors including silica
concentration, pH, curing temperature, and acid initiator
species (Brinker and Scherer, 1990). For live cell encapsula-
tion applications, research conducted by Perullini et al.
(2008, 2010, 2011) illustrates the interdependence of silica
concentration and solution composition on cellular viability
and the structure of the resulting glasses. In this work, the
authors demonstrated how shifts in silica concentration
affect the porous structure of bulk silica gels and the viability
of organisms before and after encapsulation (Perullini
et al., 2008, 2011). The need to maintain cellular viability
constrains parameter type and range that can be varied
Figure 5. Oxygen and substrate flux. Encapsulation does not significantly alter
biofilm metabolism. A: Average oxygen and substrate influx for N. europaea biofilm
before silica encapsulation, after encapsulation, and after 30- and 90-day incubation.
B: Average oxygen and substrate flux for a P. aeruginosa biofilm before silica
encapsulation, after encapsulation, and after 30- and 90-day incubation. Average
values represent 10min of continuous recording at seven different positions along
the biofilm surface. For all biofilms there was no significant spatial heterogeneity of
flux (P< 0.01, a¼ 0.05) along the surface (different positions separated by 1mm).
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to influence nanoarchitecture. Temperature and final
solution pH had to remain within the organism’s optimal
growth range, which is especially important for obligate
aerobic bacteria such as N. europaea, which are not capable
of utilizing metabolic/proteomic stress response mechan-
isms (such as shifting to anaerobic respiration) to adapt to
large changes in environmental conditions (Gilbert et al.,
2002; Russell, 2003). In preliminary experiments, silica
Figure 6. Membrane integrity imaging. Encapsulation does not impact overall biofilm viability. Representative confocal microscopy images (10 magnification) of
N europaea biofilm (A) without silica deposition and (B) 30 min after encapsulation. Images E and F represent an unmodified P. aeruginosa biofilm and a biofilm encapsulated
for 30min, respectively. Biofilms incubated for 30 (C and G) and 90 days (D and H) for N europaea and P. aeruginosa respectively do not demonstrate a decrease in viability over
time. Biofilms were stained with a BacLight membrane integrity skit, where green represents cells with intact membranes, and red indicates cells which have lysed or damage
membranes. Scale bars represent 200mm. Orthogonal view represents composite of two-dimensional images taken every 2mm over biofilm depth.
Figure 7. Evaluation of biofilm detachment rate. A: Average number of detached particles (0.5–2.0mm) from P. aeruginosa biofilms due to fluid shear (Re¼ 3.0–100). B: Total
number of detached particles per axial Reynolds number (i.e., slope of plot in panel A) for P. aeruginosa and N. europaea biofilms. All values represent an average of three
liquid samples taken from five replicate experiments, and error bars represent 2 SE. Samples with a significantly lower number of detached particles relative to basal levels
(P< 0.01, a¼ 0.05).
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concentration was adjusted to provide a window where
deposition occurred on the cellular substrate prior to bulk
gelation. Given these constraints, three types of acid initiator
(hydrochloric, nitric, and TFA) were screened to determine
their effects on biofilm viability.
The respiration rate of cells encapsulated with silica
hydrolyzed by nitric acid did not significantly change, while
hydrochloric and trifluoroacetic acid significantly altered
respiration rate within 30min (Fig. 2). The increased
respiration rate observed in P. aeruginosa (using trifluor-
oacetic acid) andN. europaea (using hydrochloric acid) may
be indicative of oxidative stress. Importantly, respiration did
not decrease for any of the acid initiators.
The reason for the different response to hydrochloric and
trifluoroacetic acid is unclear. Acid initiator species can
indirectly influence biofilm metabolism by altering the
porosity and diffusional characteristics of the silica matrix
(Brinker and Scherer, 1990). Alternatively, the acid initiator
may interact directly with the bacteria, stressing the cells.
Different bacteria vary in their ability to adapt to acidic
environments and the acid type can have specific affects
beyond alterations in pH (Kobayashi et al., 2000).
P. aeruginosa are capable of facultative respiration, while
N. europaea are obligate aerobes; thus selection of an
acid initiator which can facilitate the encapsulation of
a broad range of microbial species is required. To fulfill
this requirement, nitric acid initiated silica solutions were
chosen for further investigation.
Using nitric acid as an initiator, SEM imaging and EDX
elemental analysis confirmed the presence of a silica coating
in both species of biofilm (Fig. 3B and D and Table I).
Elemental analysis demonstrated significantly higher con-
centrations of silica on the surface of encapsulated cells
(18.49 0.59 and 15.24 0.67 at% for N. europaea and
P. aeruginosa, respectively) than control samples (Table I).
The trace levels of silicon detected in control samples
(1.8 at% and 0.3 at% for P. aeruginosa and N. europaea,
respectively) may be attributed to the residue left from the
silicone tubing utilized to culture the biofilm. Silica was
found at detectable levels 90 days after encapsulation.
During incubation, a secondary biofilm layer grew on the
encapsulated surface, reducing the concentration of silica
detectable by EDS. This secondary layer partially detached in
P. aeruginosa biofilms at the 90-day time point (see Fig. 2H)
increasing the contribution of the underlying silica layer to
the resulting EDX spectra. The presence of aluminum in
conjunction with silica in the 30 and 90 days samples likely
arises from silica’s ability to fix aluminum ions in solution
(Birchall, 1995; Dugger et al., 1964). This characteristic
has been employed to remove metallic contaminants
from wastewater (Van Jaarsveld et al., 1998; Zamzow
et al., 1990). When utilized as an encapsulant for wastewater
treatment applications, silica’s interaction with aluminum
may present a secondary health benefit. The incidence of
Alzheimer’s disease has been linked to elevated aluminum
levels and lack of silica in the water supply (Rondeau
et al., 2009).
Cellular viability was confirmed using both physiological
flux measurements and live/dead staining. Metabolic
oxygen, glucose (P. aeruginosa), and NHþ4 (N. europaea)
flux was confirmed after encapsulation with silica (Fig. 5).
These results indicated that the silica matrix was sufficiently
porous to allow for the diffusion of dissolved gasses and
nutrients. Biophysical transport of nutrients and electron
acceptors regulates synthesis and maintenance of cells
within the biofilm, and is limited by the concentration
boundary layer formed at the biofilm–fluid interface.
No significant change in oxygen flux, substrate flux, or
stoichiometric metabolic ratio was observed after encapsu-
lation (P< 0.02, a¼ 0.05), suggesting that cells survived the
encapsulation process intact. No observable differences were
noted at 10 magnification in stained samples analyzed
using confocal microscopy (Fig. 6). There were no large
regions of lysed cells within the matrix (2mm slices), which
one would expect if diffusion limitations or nutrient
transport was significantly altered by silica encapsulation.
Preservation of physiology and cell viability is particularly
important for N. europaea, which often limit nitrogen
cycling in natural and engineered systems due to the lack of a
wide array of stress response mechanisms. Encapsulation of
sessile bacteria can potentially improve resistance to shock
loading, chemical toxin exposure, and detachment. Such
improvements can then be translated into the development
of more efficient bioreactors for chemical production
(Mohan et al., 2007; Qureshi et al., 2005) and water
recovery (Jackson et al., 2009).
Encapsulation of biofilms significantly reduced the
detachment rate, although a secondary biofilm attached
after 30- and 90-day incubation and was prone to
detachment. The number of detached particles consisted
of a combination of lysed cells, active cells, and polymeric
material. The specific cause of biofilm detachment is outside
the scope of this work, although the mechanisms are likely a
combination of passive detachment (fluid shear, abrasion)
and active detachment (active transport mechanisms that
denature extracellular polymers) (Beer and Stoodley, 2006;
Stoodley et al., 2001, 2005).
Taken together the results of this study indicate that both
persistent P. aeruginosa and sensitive N. europaea species
survive the encapsulation process and retain their viability.
Unlike bulk encapsulation processed, the cell-mediated
technique generates a thin flexible silica membrane on
biofilm surfaces exposed to the surrounding mineralizing
solution. Unlike the BioSil methods, silica formation is
performed at culture temperatures in solution phase. The
thin evenly distributed silica layer does not serve as a barrier
to molecular diffusion of O2 or cellular substrate, with no
significant variation in physiological flux observed between
encapsulated and control biofilms. The silica is also
intimately associated with extracellular proteins, reinforcing
the silica matrix and preventing the cracking observed in
bulk encapsulated cellular materials. The formation of
the silica layer is dependent upon cellular contact with
the mineralizing solution. The technique can therefore be
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applied to systems with complex geometries so long as
solution contact can be maintained during encapsulation.
The solution volume can also be expanded for large-scale
encapsulation of living cells for industrial and environ-
mental applications.
Conclusions
The cell-mediated encapsulation technique is a simple
solution based method for encapsulating living cells in a thin
porous silica membrane. Monoculture biofilms of the
distinct bacterial species P. aeruginosa and N. europaea
were able to maintain physiological flux of O2, glucose
(P. aeruginosa), and NHþ4 (N. europaea) and were
determined to be viable by live/dead staining after
encapsulation. A significant reduction in shear-induced cell
detachment was observed in both biofilms after encapsula-
tion. The cell-mediated encapsulation technique employs
endogenous extracellular material as a site for deposition.
As such it can potentially be applied to a wide range of
prokaryotic and eukaryotic cell lines and mixed culture
systems. Future work will explore the long-term viability of
encapsulated biofilms, multilayer biofilm systems, and the
application of the technique to other cell lines.
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